Abstract. Development of cisplatin resistance in colorectal cancer is largely caused by dysregulation of signaling pathways, including the Wnt/β-catenin signaling pathway, in cancer cells. Further investigation into the molecular mechanism of chemoresistance could improve outcomes for patients with colorectal cancer. The present study determined that fibroblast growth factor 9 (FGF9) was overexpressed in tumor tissues compared with normal tissues from patients with colorectal cancer. Using the colorectal cancer cell line LoVo, transfection of recombinant FGF9 decreased cisplatin-induced cell apoptosis whilst FGF9 silencing increased cisplatin-induced apoptosis. Western blot analysis and reverse transcription-quantitative polymerase chain reaction demonstrated that FGF9 decreased adenomatous polyposis coli (APC) mRNA and protein expression and contributed to activation of the Wnt/β-catenin signaling pathway. Notably, an increase in FGF9 and β-catenin protein expression and a decrease in APC protein expression was observed in the established LoVo cisplatin resistant cell line (LoVo/cisplatin). Silencing of FGF9 reversed cisplatin resistance of LoVo/cisplatin cells. In conclusion, the present findings suggested that FGF9 activated the Wnt signaling pathway and was a mediator of cisplatin resistance in colorectal cancer.
Introduction
Colorectal cancer is ranked as the second most commonly diagnosed cancer type in males and third most commonly diagnosed cancer type in females (1) . Chemotherapy using agents such as cisplatin and oxaliplatin is the conventional treatment approach for colorectal cancer patients (2, 3) ; however development of chemoresistance frequently occurs leading to a mortality rate of >33% in developed countries (4) . Due to an increased understanding of colorectal cancer molecular pathogenesis, multiple target therapy agents have been used for colorectal cancer patients (5, 6) ; however, the clinical beneficial rate is often unsatisfactory (7) . Therefore, there is an urgent need for research into chemoresistance in order to provide novel targets for colorectal cancer therapy.
The fibroblast growth factor (FGF) signaling pathway is involved in regulation of homeostasis, angiogenesis and organogenesis (8, 9) . Aberrant activation of FGF signaling is observed in cancer cells and considered a critical step during carcinogenesis (10) . During activation of FGF signaling, FGFs bind to high affinity tyrosine kinase FGF receptors (FGFRs) on the surface of cells (11) . FGF9 is highly conserved and ubiquitously expressed in embryos (12, 13) . Overexpression of FGF9 is observed in several types of cancer and its expression is associated with prognosis (14, 15) . Recent research has determined that FGF9 exerts oncogenic activity in cancer cells via regulating expression of several key genes such as T-box 3 and vascular endothelial growth factor A (16, 17) . In colorectal cancer cells, FGF9 protein expression is maintained at a high level via translational activation (18) . To date, whether FGF9 mediates cisplatin resistance in colorectal cancer and the underlying mechanisms remain not fully understood.
Overactivation of the Wnt signaling pathway is an important step during cancer initiation and development (19) . Following Wnt binding to receptors, the signal is transduced to the nucleus leading to stabilization of transcription co-activator β-catenin and activation of Wnt target gene expression (20) . Activity of β-catenin is tightly controlled in cells. Negative regulators of the Wnt/β-catenin pathway, such as tumor suppressor adenomatous polyposis coli (APC), determine the stability and cellular location of β-catenin (21) . In particular, the Wnt/β-catenin pathway is a well-known mediator of cancer stemness and promotes chemotherapy resistance (22) . In aldehyde dehydrogenase-positive colorectal cancer, activation of the Wnt/β-catenin pathway facilitates development of cisplatin resistance (23) .
The present study determined that FGF9 was elevated in colorectal tumors compared with matched normal tissue. In colorectal cancer cells, FGF9 overexpression decreased cisplatin-induced cell apoptosis whilst FGF9 silencing increased cisplatin-induced cytotoxicity. Mechanistically, FGF9 repressed APC expression and activated the Wnt/β-catenin signaling pathway. Notably, FGF9 and β-catenin protein expression increased whilst APC protein expression decreased in the LoVo cisplatin resistant cell line (LoVo/cisplatin). FGF9 knockdown reversed cisplatin resistance of LoVo/cisplatin cells. In conclusion, the results demonstrated that FGF9 activated the Wnt signaling pathway and was a mediator of cisplatin resistance in colorectal cancer. To establish the cisplatin resistant LoVo subline (LoVo/cisplatin), LoVo cells were divided into two groups and treated with gradually increasing concentrations of cisplatin (100, 200, 400 nm, 1, 2, 5 µM, for 1 month) or dimethyl sulfoxide (DMSO) for 6 months. The cell viability (data not shown) of LoVo cells which was determined by Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was initially significantly suppressed by cisplatin; however, following 6 months of cisplatin treatment, cells no longer responded to 5 µM cisplatin and were considered to be a cisplatin resistant subline (LoVo/cisplatin). The LoVo cells treated with DMSO were considered as the parental cell line (LoVo/parental).
Materials and methods
Construction of plasmid and overexpression of FGF9. Full length FGF9 cDNA was amplified from LoVo cells by polymerase chain reaction (PCR) using a Taq DNA polymerase SuperMix kit (Invitrogen; Thermo Fisher Scientific, Inc.) under the following thermocycling conditions: 94˚C for 2 min followed by 35 cycles of 94˚C for 2 sec, 60˚C for 60 sec and 72˚C for 1 min and ligated into pcDNA3.1 vector (Addgene, Inc., Cambridge, MA, USA) using the restriction sites for HindIII and XhoI (New England Biolabs, Inc.). The primer sequences for FGF9 were as listed: Forward, 5'-AAG CTT ATG GCT CCC TTA GGT GAA GT-3' , and reverse, 5'-CTG CAG TCA ACT TTG GCT TAG AAT AT-3'. The amplified sequence was verified by sequencing. For overexpression of FGF9, 2 µg pcDNA3.1-FGF9 vector was mixed with Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) in serum-free Ham's F-12K medium for 15 min, then added to cells cultured in 6-well plates (1x10 6 cells/well). In the control group, 2 µg pcDNA3.1 was mixed with Lipofectamine 3000 in serum-free Ham's F-12K medium for 15 min, then added to cells cultured in 6-well plates (1x10 6 cells/well). The cells were maintained for 48 h, and transfection efficiency was confirmed by western blotting before experimentation.
Silencing of FGF9. Control small interfering RNA (siRNA, 5'-CAG UAC UUU UGU GUA GUA CAA-3') and FGF9 siRNA (5'-GCG AUA CUA UGU UGC AUU ATT-3', 3'-UAA UGC AAC AUA GUA UCG CCT-5') were purchased from GenePharma Co. Ltd. (Suzhou, China). For knockdown of FGF9, FGF9 siRNA was mixed with Lipofectamine RNAiMax (Invitrogen) in serum-free Ham's F-12K medium for 5 mins then the mixture was added into culture medium of 6-well plates (1x10 6 cells/well). Following incubation for 48 h, cells were collected and transfection efficiency was confirmed by western blot before the subsequent experiments.
Cell viability assay. LoVo cells were seeded in 96-well plates at a density of 1x10 3 cells/well. The cell viability of each well was determined by Cell Counting Kit-8 (Dojindo Molecular Technologies) according to manufacturer's protocol. Cell viability was evaluated by detection of the absorbance of each well at 450 nm using a plate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA from tissues and cells were extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA concentration was detected using Nanodrop 1000 (Thermo Fisher). RNA was reverse transcribed into cDNA with PrimeScript RT reagent Kit (Takara Bio, Inc., Otsu, Japan). RT-qPCR was performed with a SYBR Premix Ex Taq Kit (Takara) on a CFX-96 Real-Time PCR Detection System (Bio-Rad). The following thermocycling conditions were used: Denaturing, 95˚C for 30 sec; annealing, 95˚C for 5 sec; elongation, 60˚C for 30 sec, for 40 cycles. The primer sequences were as follows: FGF9, forward 5'-ATG GCT CCC TTA GGT GAA GTT-3' and reverse 5'-CCC AGG TGG TCA CTT AAC AAA AC-3'; APC, forward 5'-GGA GAC AGA ATG GAG GTG CT-3' and reverse 5'-TCT TCA GTG CCT CAA CTT GC-3'; and GAPDH, forward 5'-GGA CTC ATG ACC ACA GTC CAT GCC-3' and reverse 5'-TCA GGG ATG ACC TTG CCC ACA G-3'. Quantification was carried out by the 2 -ΔΔCq method (25) .
Western blot analysis. Lysates were prepared using radioimmunoprecipitation lysis buffer ( Statistical analysis. All data were analyzed using Graphpad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA) and expressed as mean ± standard deviation. The two-tailed Student's t-test was used to compare two groups and determine the P-value. Three or more groups were compared with one-way analysis of variance followed by Newman Keul's test. P<0.05 was considered to indicate statistical significance.
Results

Overexpression of FGF9 in colorectal tumor tissues and normal tissues.
To investigate the role of FGF9 in colorectal cancer, RT-qPCR was used to detect FGF9 mRNA expression (Fig. 1A) , which was consistent with previous literature (18) . In addition, clinicopathological analysis revealed that higher FGF9 expression was associated with late stage colorectal cancer (III and IV stage) rather than early stage colorectal cancer (I and II stage) (Fig. 1B) . IHC staining demonstrated that FGF9 expression was markedly higher in tumor tissues (I and II stage; III and IV stage) compared with the non-tumor tissues. In addition, FGF9 expression was obviously increased in tumor tissues at III and IV stage compared with tissues at I and II stage (Fig. 1C) . These results suggested that FGF9 overexpression might promote colorectal cancer progression.
FGF9 regulates cisplatin sensitivity in colorectal cancer cells.
To study whether FGF9 expression was related to cisplatin resistance, FGF9 was overexpressed in LoVo cells then sensitivity to cisplatin was detected. Transfection of recombinant FGF9 increased FGF9 expression in LoVo cells ( Fig. 2A and B) . Cisplatin treatment decreased cell viability in a dose dependent manner whilst overexpression of FGF9 decreased this cytotoxic effect of cisplatin (Fig. 2C) . By contrast, silencing of FGF9 expression by transfection of FGF9 siRNA enhanced the cytotoxic effect of cisplatin on LoVo cells (Fig. 2D-F) . Therefore, FGF9 expression was associated with cisplatin sensitivity of colorectal cancer cells. of cell apoptosis (26) . Using flow cytometry analysis, it was determined that cisplatin (8 µM) significantly increased the % of apoptotic LoVo cells compared with the control (Fig. 3) . Notably, overexpression of FGF9 decreased cisplatin-induced cell apoptosis. By contrast, silencing of FGF9 increased cell apoptosis (Fig. 3) , which suggested that FGF9 sensitized colorectal cancer cells towards cisplatin and induced cell apoptosis.
FGF9 inhibits cisplatin-induced cell apoptosis in colorectal cancer cells. Cisplatin inhibits tumor cell growth via induction
FGF9 activates the Wnt/β-catenin pathway via repression of APC.
The Wnt/β-catenin signaling pathway is responsible for chemoresistance in cancer cells (27) . APC decreases β-catenin expression and is a negative regulator of Wnt/β-catenin signaling (28) . Using RT-qPCR, it was demonstrated that FGF9 overexpression significantly decreased APC mRNA expression, but not β-catenin mRNA expression in LoVo cells (Fig. 4A) . Western blot analysis demonstrated that APC protein expression was downregulated and β-catenin protein expression was elevated upon transfection of pcDNA3.1-FGF9 ( Fig. 4B and C) . By contrast, silencing of FGF9 significantly increased APC mRNA expression and protein levels, whilst β-catenin protein levels decreased (Fig. 4D and F) . These results suggested that FGF9 might regulate cisplatin sensitivity of colorectal cancer cells via activation of the Wnt/β-catenin pathway. (Fig. 5A) . Western blot analysis determined that FGF9 and β-catenin protein expression was increased and APC protein expression was decreased in LoVo/cisplatin cells, compared with LoVo/parental cells ( Fig. 5B and C) . Notably, silencing of FGF9, enhanced cisplatin sensitivity of LoVo/cisplatin cells (Fig. 5D) , which suggested that the FGF9/Wnt signaling pathway has a key role in cisplatin resistance development in colorectal cancer cells.
Discussion
Overexpression of FGF9 has been reported in colorectal cancer and is associated with poor clinical outcome in patients (29) . A recent study demonstrated that FGF9-overexpressing colorectal cancer cells exhibited anti-epidermal growth factor receptor therapeutic properties via overactivation of FGFR signaling (30) . To date, the role of FGF9 in mediating chemotherapy resistance in colorectal cancer remains not fully understood. The present study determined that FGF9 was a regulator of cisplatin sensitivity in colorectal cancer cells and a potential molecular mechanism was identified. Several mechanisms have been identified to promote FGF9 expression in colorectal cancer including gene amplification, hypoxia stimulation and non-coding RNA elevation (18, 30, 31) . The present study observed significant elevation of FGF9 in colorectal tumor tissues compared with normal tissues, which is consistent with a previous study (18) . In addition, higher expression of FGF9 was associated with late-stage colorectal cancer compared with early-stage, suggesting that FGF9 may have a pivotal role in progression of colorectal cancer. FGF9 promotes colorectal cancer cell proliferation, migration and invasion (15) . The present study determined that overexpression of FGF9 attenuated the cytotoxic effect of cisplatin in LoVo cells, whilst silencing of FGF9 enhanced the cytotoxic effect of cisplatin. Furthermore, FGF9 overexpression reduced cisplatin-induced cell apoptosis whilst FGF9 knockdown enhanced the apoptotic effect of cisplatin treatment. Notably, FGF9 expression was significantly elevated in the established cisplatin-resistant LoVo cells compared with parental LoVo cells. Silencing of FGF9 sensitized LoVo/cisplatin cells to cisplatin treatment. Taken together, these findings suggested that FGF9 was a mediator of cisplatin resistance in colorectal cancer cells, and might be a biomarker and treatment target for colorectal cancer.
It is well-known that the Wnt/β-catenin signaling pathway has a critical role in progression of colorectal cancer (28) . In particular, activation of the Wnt/β-catenin signaling pathway is essential for maintenance of colorectal cancer cell stemness which contributes to development of chemotherapy resistance (27, 32) . The transcriptional control exerted by β-catenin is under stringent negative regulation mediated by various interacting factors, such as APC (21) . It has been reported that FGF9 activates the Wnt/β-catenin signaling pathway in epithelial cells (33) , and FGF9 has been identified as a target gene of Wnt/β-catenin signaling (34) . The present study observed that FGF9 overexpression decreased APC expression and elevated β-catenin expression in LoVo cells. By contrast, FGF9 silencing increased APC expression and decreased β-catenin levels. In LoVo/cisplatin cells, an increase in APC expression and reduction of β-catenin expression was demonstrated. Taken together, these findings suggested that FGF9 might promote cisplatin resistance via activation of the Wnt/β-catenin signaling pathway in colorectal cancer cells.
In conclusion, the present study determined that FGF9 was an important mediator of cisplatin resistance in colorectal cancer cells via regulation of Wnt/β-catenin signaling, which suggested that FGF9 may be a potential biomarker and treatment target for colorectal cancer.
